Mitochondria morphology constantly changes through fission and fusion processes that regulate mitochondrial function, and it therefore mitochondrial dynamics plays a prominent role in cellular homeostasis. Cell death progression is associated with mitochondrial fission. Fission is mediated by the mainly cytoplasmic Drp1, which is activated by different post-translational modifications and recruited to mitochondria to perform its function. Our research and other studies have shown that in the early moments of excitotoxic insult Drp1 must be nitrosylated to mediate mitochondrial fragmentation in neurons. Nonetheless, mitochondrial fission is a multistep process in which filamentous actin assembly/disassembly and myosin-mediated mitochondrial constriction play prominent roles. Here we establish that in addition to nitric oxide production, excitotoxicity-induced mitochondrial fragmentation also requires activation of the actomyosin regulator ROCK. Although ROCK1 has been shown to phosphorylate and activate Drp1, experiments using phosphor-mutant forms of Drp1 in primary cortical neurons indicate that in excitotoxic conditions, ROCK does not act directly on Drp1 to mediate fission, but may act on the actomyosin complex. Thus, these data indicate that a wider range of signaling pathways than those that target Drp1 are amenable to be inhibited to prevent mitochondrial fragmentation as therapeutic option.
Introduction
Mitochondria are dynamic organelles that continually fuse and divide. The balance between fusion and fission determines mitochondrial morphology, which has important roles in different aspects of cell health, including regulation of metabolism, protection against oxidative stress, calcium homeostasis and cell death [1] [2] [3] [4] [5] [6] . The mitochondrial fusion/fission machinery is formed by four proteins of the family of large GTPases 7 .
Three proteins mediate mitochondrial fusion: two mitofusins, Mfn1 and Mfn2, which mediate outer mitochondrial membrane (OMM) fusion; and Opa1 which mediates inner mitochondrial membrane (IMM) fusion. Drp1 is the only reported pro-fission GTPase and it mediates both OMM and IMM fission. Drp1 is largely cytosolic, but when activated by different post-translational signals, including phosphophorylation, nitrosylation and SUMOylation, it is recruited to mitochondria where it mediates fission 7 .
Although many questions remain unanswered, more detail about the mitochondrial fission mechanism has been revealed in recent years. Mitochondrial division events have been reported to occur predominantly at sites of contact between ER and mitochondria. Evidence suggests that ER wrap around the mitochondria to mark sites of mitochondrial division 8 . Actin polymerizes in ER-mitochondria contact sites through ER-located formin protein INF2 9 . Myosin II is recruited to actin filaments and its motor activity mediates contraction of the actin filaments to constrain mitochondria 10 . Preconstricted mitochondria cause Drp1 to be recruited to mitochondria and to oligomerize into rings around the fission site 11, 12 . GTP hydrolysis causes constriction of the oligomeric ring, which leads to mitochondrial division 13, 14 .
Although fission per se is not noxious, cell death is associated with mitochondrial fragmentation 6 . In neurons, overactivation of glutamate receptors leads tocell death in a process called excitotoxicity. One of the hallmarks of excitotoxicity is mitochondrial fragmentation and dysfunction. We recently reported that mitochondrial fragmentation in excitotoxicity takes place in two phases: a fast, reversible phase mediated by Drp1 and a second delayed, irreversible mitochondrial fragmentation caused by the downregulation of profusion protein Mfn2 as a consequence of the degradation of the transcription factor MEF2, which regulates basal Mfn2 expression in neurons. A reduction in Mfn2 levels has a profound effect on mitochondrial function and facilitates
Bax recruitment to mitochondrial a process that enhances delayed excitotoxic death 4 .
In line with other reports, we found that the early, fast phase of mitochondrial fragmentation is induced by nitric oxide synthase (NOS)-mediated Drp1 recruitment to mitochondria and activation 4, 15 . Given the complexity of the mitochondrial fission process and the role of different factors, we investigated whether more than one signal could be regulating the early phase of mitochondrial fission in excitotoxicity. We found that Rho-associated coiled-coil containing protein kinase (ROCK) activation, a key regulator of actin cytoskeletal dynamics (for reviews see refs. 16, 17 ) , is necessary for mitochondrial fission.
Results and discussion
To test the possibility that, in addition to NOS activation, other signaling pathways may regulate the early mitochondrial fragmentation in excitotoxicity, we pretreated primary cultures of cortical neurons with the inhibitors of different known post-translational Drp1 modifiers before inducing excitotoxicity by bath application of NMDA.
Calcineurin (Cn) is a calcium-dependent serine/threonine phosphatase that has been reported to induce mitochondrial fragmentation by dephosphorylating Drp1 at Ser-637
to promote its mitochondrial localization and activation 18, 19 . Surprisingly, we found that inhibition of Cn with CsA did not block NMDA mediated mitochondrial fragmentation and expression of a constitutively active CnA significantly reduced mitochondrial fragmentation in excitotoxicity (Fig. 1A ). To corroborate these unexpected results, we used Ser-637 mutants of Drp1, non-phosphorylatable Drp1-S637A and phosphomimetic, Drp1-S637D, and in accordance with the lack of effect of the pharmacological and genetic modifiers of the Cn pathway, we found that these mutants did not prevent NMDA mediated mitochondrial fragmentation (Fig. 1B) .
The fact that active CnA overexpression reduced excitotoxicity-mediated mitochondrial fragmentation suggests that phosphorylation events may promote mitochondrial fragmentation in excitotoxicity. ROCK1 is a downstream RhoA effector whose activation in podocytes and endothelial cells promotes mitochondrial fragmentation by phosphorylating Drp1 20 . Given that RhoA is activated in as little as three minutes after activation of the NMDAR 21 , we tested whether ROCK could be mediating the early NMDA-induced mitochondrial fragmentation. We found that two unrelated ROCK inhibitors, fasudil and Y-27632 22 , also reduced NMDA mediated mitochondrial fragmentation ( Fig. 2A and B ). Our research and other studies have shown that activation of NOS blocks excitotoxicity-induced mitochondrial fragmentation 4, 15 .
Thus, we combined NOS inhibitor 7-nitroindazole and ROCK inhibitor Y-27632 to test whether these two pathways could act synergically, but there was no additional protection against mitochondrial fragmentation when the two inhibitors were combined ( Fig. 2C and D) , which would suggest that these inhibitors are acting at different steps of the same pathway.
Intriguingly, ROCK1 mediates mitochondrial fission by phosphorylating Drp1 at human Ser-637 (mouse isoform b Ser-600), but the use of the Ser-637 phospho-mutants of Drp1 indicates that phosphorylation of this residue is not necessary for excitotoxicitydependent mitochondrial fragmentation (Fig. 1B) . Nevertheless, fasudil and Y-27632 inhibit both ROCK isoforms, ROCK1 and ROCK2, and although ROCK1 is ubiquitously expressed in adult mice, it shows lower expression levels in the brain than other tissues whereas ROCK2 shows higher expression levels in the brain 22 . Thus, it cannot be ruled out that in excitotoxicity ROCK2 is preferentially activated and that ROCK2 cannot phosphorilate Drp1. But this requires further investigations.
Next, we tested other two Drp1 forms with described phosphorylatable residues mutated, Drp1-S579A (corresponding to human Drp1-Ser616; 23 ) and Drp1-S693A 24 and no protection against excitotoxicity-mediated mitochondrial fragmentation was observed (not shown). To test the possibility that ROCK phosphorylated Drp1 in a new, undescribed residue, we immunoprecipitated with a phosphor-Ser antibody followed by western blot with anti Drp1, but no changes were detected after the NMDA treatment (not shown). Despite these negative results, we cannot rule out the possibility that there is a new phosphorylation site in Drp1 regulated by ROCK that was not detected by the method used. Taken as a whole, the evidence suggests that ROCK was not acting directly on Drp1.
Mitochondrial fission is a multistep process, and mounting evidence indicates that actin cytoskeleton dynamics have a key role in the mitochondrial fission process 9, [25] [26] [27] . The role of actin cytoskeleton dynamics in excitotoxicity-induced mitochondrial fragmentation was demonstrated by the diminished mitochondrial fission in neurons pre-treated with the actin-polymerization inhibitor cytochalasin D, but not by the tubulin-polymerization blocker nocodazol (Fig. 3) . The ROCK family is best known for its well-characterized roles in regulating actin cytoskeleton dynamics 28 . By phosphorylating numerous downstream substrates, ROCK mediates actin filament stabilization and generation of actomyosin contractile force. Current models of mitochondrial fission suggest that Drp1 is recruited to pre-constricted sites by actinmyosin contraction in ER-mitochondria interaction sites 10 . ROCK proteins are key regulators of actin-myosin contraction. To promote contraction, ROCK can directly phosphorylate the myosin regulatory light chain (RLC) to activate it, but it acts primarily by phosphorylating and inhibiting PP1, which is responsible for the dephosphorylation and inhibition of myosin 28 . The phosphorylation of myosin II RLC by ROCK after NMDA receptor activation has been reported previously 29, 30 . In agreement with the indicated role of myosin activity in mitochondrial fragmentation, the use of myosin II inhibitor blebbistatin blocked NMDA-mediated mitochondrial fragmentation ( Fig. 4A and B) .
We then analyzed how the use of ROCK inhibitor Y-27632 and myosin inhibitor blebbistatin affected the recruitment of Drp1 to the mitochondria. In basal conditions mitochondria showed an elongated morphology with Drp1-GFP presenting a diffuse and weak signaling within the cytosol. Application of NMDA produced mitochondrial fragmentation and strong signal of Drp1-GFP that co-localized with mitochondria. The use of ROCK or myosin inhibitors blocked the Drp1 translocation to mitochondria in excitotoxicity and consequently the mitochondrial fragmentation (Fig. 4 C and D) .
Concluding remarks
Mitochondrial morphology has a profound effect on cell function and viability. Its 
Materials and methods

Cell culture and treatments
Cortical neurons from E21 Sprague Dawley rats were cultured as described previously 33 . Experiments were performed after a culturing period of 10-11 days during which cortical neurons develop a rich network of processes, express functional NMDA-type and AMPA/kainate-type glutamate receptors, and form synaptic contacts. Prior to stimulations and transfections, neurons were transferred from growth medium to a The plasmids used were mtRFP 34 , CnA was gift from Antonio Zorzano (IRBBarcelona, Spain), GFP-Drp1 was a gift from AM van der Bliek (UCLA, USA), Drp1-S637A was a gift of Jennifer Lippincott-Schwartz (NIH, Bethesda, USA) and Drp1-S637D was gift from Zhigao Wang ( UT Soutwestern, USA).
Imaging studies
For mitochondrial morphology analysis, neurons were transfected with mitochondrially targeted RFP. After the treatment, neurons were fixed and nuclei were stained with DAPI. The number of live neurons with tubular or fragmented mitochondria was counted.
Drp1 localization was determined by transfecting cortical neurons with GFP-Drp1 and mtRFP. Forty-eight hours after transfection neurons were treated when appropriate with 30 M NMDA and fixed.
Statistical analysis
Statistical testing involved two-tailed student's T-tests. All data are presented as mean ±
s.e.m. of at least three independent experiments (n). white scale bar= 5 M *p<0.05 (n=4).
